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ABSTRACT 
Negative surges are caused by a sudden change in flow resulting from a decrease in water depth. 
New experiments were conducted in a horizontal channel (L = 12 m, W = 0.5 m) to record the 
unsteady water depth and turbulence in negative surges propagating upstream against an initially-
steady flow. The data were collected using video-imagery, acoustic displacement meters and 
acoustic Doppler velocimetry (ADV). The physical observations showed that the leading edge of 
negative surge propagated upstream with a celerity which varied with time. During the first initial 
instants following the surge formation, the negative surge leading edge accelerated ad its celerity 
increased with time up to xGate-x = 4do. After the acceleration phase, the negative surge propagation 
was more gradual: the surge leading edge was very flat and barely perceptible, and its celerity 
tended to decrease slowly with increasing distance from the gate. The data implied some 
deceleration in a manner which is contrary to theoretical considerations. The physical 
measurements highlighted that the negative surges were associated with some flow acceleration. 
The turbulent velocity data highlighted some increased turbulence occurring beneath the negative 
surge with large velocity fluctuations and large Reynolds stress components. The velocity 
fluctuations and turbulent stresses were significantly larger than in the initially steady flow and in 
the final flow motion. The physical data were used to test an analytical solution of the Saint-Venant 
equations (the simple wave solution) and some 1-D and 2-D numerical model results. The findings 
showed that the negative surge propagation was relatively little affected by the boundary friction. 
For a relatively simple geometry such as the prismatic rectangular flume used in the present study, 
the physical data were best modelled by the simple wave theory, although the numerical model 
results were qualitatively in agreement with the experimental observations. The present results 
suggested that the negative surge remains a challenging topic for the computational modellers. 
 
Keywords: Negative surges, Unsteady open channel flow, Physical modelling, Numerical 
modelling, Turbulence, Turbulent Reynolds stress tensor, Negative waves. 
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LIST OF SYMBOLS 
The following symbols are used in this report: 
A flow cross-section area (m2); 
B channel width (m); 
C celerity (m/s) of a small distance in a shallow water: C = dg  in a rectangular channel; 
Cc dimensionless coefficient of contraction; 
d water depth (m) measured above the invert; 
dc critical flow depth: 3 22c )gB/(Qd   in a rectangular channel; 
E specific energy (m) defined as: 
 
g2
V
dE
2
x ; 
Fr Froude number locally defined as: 
 
dg
VFr  ; 
f Darcy-Weisbach friction factor; 
g gravity constant: g = 9.80 m/s2 in Brisbane QLD, Australia; 
H total head (m); 
h initial undershoot gate opening (m); 
i integer; 
N integer; 
P pressure (Pa); 
Q water discharge (m3/s); 
Rs free-surface radius (m) of curvature; 
Sf friction slope: 
 
x
HSf 
  
So bed slope: So = sin; 
t time (s); 
U celerity (m/s) of negative surge leading edge for an observer standing on the bank; 
V 1- flow velocity: V = Q/A; 
 2- instantaneous velocity component (m/s); 
Vx instantaneous longitudinal velocity component (m/s); 
Vy instantaneous transverse velocity component (m/s); 
Vz instantaneous vertical velocity component (m/s); 
V* shear velocity (m/s): V* =  /o ; 
V  ensemble-average velocity component (m/s); 
v turbulent velocity fluctuation (m/s): v = V - V ; 
vx longitudinal turbulent velocity fluctuation (m/s); 
vy transverse turbulent velocity fluctuation (m/s); 
vz vertical turbulent velocity fluctuation (m/s); 
 vi 
v' standard deviation of the turbulent velocity fluctuation (m/s); 
wo particle fall velocity (m/s); 
x longitudinal distance (m) positive downstream, with x = 0 at test section upstream end; 
xGate longitudinal co-ordinate (m) of the tainter gate (xGate = 11.15 m herein); 
xs longitudinal co-ordinate (m) of negative surge leading edge; 
y transverse co-ordinate (m) positive towards the left sidewall; 
z vertical distance (m) positive upwards, with z = 0 at the bed; 
 
 angle between tainter gate and horizontal; 
 boundary layer thickness (m); 
 dimensionless parameter; 
 dynamic viscosity (Pa.s) of water; 
 angle between channel bed and horizontal; 
 water density (kg/m3); 
 surface tension between air and water (N/m); 
o boundary shear stress (Pa); 
 
Subscript 
Gate flow properties of tainter gate; 
G1 flow properties immediately upstream of tainter gate; 
G2 flow properties immediately downstream of tainter gate; 
max maximum value; 
min minimum value; 
o initial flow conditions: i.e., upstream of the negative surge leading edge; 
x longitudinal direction positive downstream; 
y transverse direction positive towards the left; 
z vertical direction positive upwards; 
25 first quartile: i.e., value for which 25% of data are smaller; 
75 third quartile: i.e., value for which 75% of data are smaller; 
 
Abbreviations 
ADV acoustic Doppler velocimeter; 
EA ensemble-average; 
PDF probability density function; 
Std standard deviation; 
s second. 
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1. INTRODUCTION 
A negative surge, also called negative wave, is an unsteady open channel flow motion characterised 
by a decrease with time of the flow depth (Jaeger 1956, Henderson 1966, Montes 1998). Negative 
surges may occur downstream of a control structure when the discharge is reduced or upstream of a 
gate that is opened suddenly. For a stationary observer the negative surge appears to be a gentle 
lowering of the free surface (Fig. 1-1). 
The knowledge into the hydraulics of negative surges in open channels remains limited despite the 
classical experiments of Favre (1935) and some well-detailed presentations in textbooks (Montes 
1998, Sturm 2001, Chanson 2004). The present study investigates physically and numerically the 
unsteady flow properties of negative surges. Both one-dimensional and two-dimensional modelling 
results are compared with physical data and an analytical solution based upon the method of 
characteristics. It is the aim of this work to characterise the unsteady open channel flow motion 
including free-surface properties and velocity field in negative surges. 
 
 
Fig. 1-1 - Sketch of a negative surge propagating upstream and characteristic diagram for the simple 
wave solution 
 
Some basic theoretical developments are presented in section 2. Section 3 describes the 
2 
experimental apparatus and procedures. The results are presented in sections 4 to 5. Appendix A 
shows some photographs of the physical experiments. Appendix B describes the initial and final 
flow conditions. Appendices C and D present some turbulent velocity and Reynolds stress results 
respectively. Appendix E describes the CFD model application. 
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2. BASIC ANALYSIS OF NEGATIVE SURGES 
A negative surge is an unsteady open channel flow which may be solved using the one-dimensional 
unsteady open channel flow equations called the Saint-Venant equations: 
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where d and V are respectively the water depth and flow velocity, x is the longitudinal co-ordinate 
positive downstream, B is the free-surface width, g is the gravity acceleration, So is the bed slope 
and Sf is the friction slope (Montes 1998, Chanson 2004). Equation (2-1) is the continuity equation 
and Equation (2-2) is the dynamic equation. The Saint-Venant equations may be transformed into a 
characteristic system of equations. For a negative surge generated by the rapid opening of a 
downstream gate, the characteristic diagram forms a series of diverging lines as illustrated in Figure 
1-1. 
The characteristic system of equations may be solved analytically for the simple wave 
approximation when the initial flow conditions (do, Vo) are constant along a channel, and So = Sf at 
any time and space. This includes the case So = Sf = 0. The simple wave solution expresses the 
velocity and flow depth (V, d) at any point (x, t) along a forward characteristic line as a function of 
the initial flow properties (Vo, do) and the flow depth d1 at x = xGate for t = t1 (Fig. 1-1): 
 )gdgd(2VV 1oo   xs < x < xGate (2-3) 
 1dd   (2-4) 
where V is positive in the downstream direction. Equations (2-3) and (2-4) provide the complete 
simple wave solution when the boundary condition is the time-variations of water depth at the gate 
(x = xGate). Since d1 < do, Equation (2-3) implies a flow acceleration. The longitudinal free-surface 
profile may be derived from the equation of the characteristics D-F issued from the gate: 
   )tt(Vgd2gd3xx 1ooGate   xs < x < xGate (2-5) 
which is a parabola. The negative surge propagates upstream at a celerity of U= (gdo)1/2 - Vo in a 
rectangular channel with U the celerity positive upstream (Montes 1998, Chanson 2004). The 
location of the surge leading edge is: 
   tVgdxx ooGates   t > 0 (2-6) 
 
Effect of flow resistance 
The effects of flow resistance on negative surge propagation may be tested using a linear 
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development of small perturbation theory. The following development derives from Henderson 
(1966). Let us consider a rectangular prismatic channel along which the initial flow conditions (do, 
Vo) are constant and So = Sf at t = 0. The latter condition implies that: 
 2oo Fr8
fS   (2-7) 
where f is the Darcy-Weisbach friction factor assumed constant independent of time and Fro = 
Vo/Co. The difference (So-Sf) is then: 
  22ofo FrFr8fSS   (2-8) 
where Fr = V/C. Equations (2-1) and (2-2) may be rewritten as a characteristic system of equations: 
  22o FrFr8fgdt ))2Fr(C(d   along CVdtdx    (2-9a) 
  22o FrFr8fgdt ))2Fr(C(d   along CVdtdx    (2-9b) 
Along the initial backward characteristics (Fig. 1-1), V = Vo and C = Co. Considering a backward 
characteristics D-F located very close to the initial forward characteristics (i.e. o1 d/gt  << 1 in 
Fig. 1, Bottom), the following approximation holds: Fr  Fro + Fr, and Equation (2-9b) becomes: 
 FrFr
4
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dC)2Fr( 2o   along CVdt
dx   & for 1
d
gt
o
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For od/gt  << 1, the backward characteristics D-F issued from (xGate, t1) diverges slowly from the 
initial characteristic line along which V = Vo and C = Co. Hence the rate of change of C(Fr+2) is 
negligible yielding 
 0
dt
dFrC
dt
dC)2Fr(   along CV
dt
dx   & for 1
d
gt
o
1    (2-11) 
along E-F (Fig. 1, Bottom). Subtracting (2-11) out of (2-10), it yields: 
 FrFr
4
fg
dt
dC4 2o   (2-12) 
Along the characteristic line E-F, and for o1 d/gt  << 1, the following relationship holds: 
 C
t
C
Fr
8
fg1C
Fr2Fr
o



 
  (2-13) 
where C = C - Co and t is the time increment from E to F. Equation (2-13) links Fr and C, 
noting that C = Co(1+) and Fr = Fro(1+') where  and ' are negligibly small quantities since 
o1 d/gt  << 1. The combination of Equations (2-12) and (2-13) gives the following differential 
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equation: 
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o   (2-14) 
With the appropriate boundary conditions C(x=0, t1) = C1, the integration along the backward 
characteristics D-F yields: 
 
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The trajectory of the characteristic D-F is given by: 
 C3C2VCV
dt
dx
oo   (2-16) 
using Equation (2-11). Inserting Equation (2-15), the integration of the D-F characteristic trajectory 
yields: 
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  for x  0 and t  t1  (2-17) 
Equation (2-17) is the equation of the backward characteristics D-F in presence of friction. It shows 
that the divergence between the characteristics D-F and the initial characteristics decreases with 
increasing bed friction. The slope dt/dx decreases with increasing time for a given friction 
coefficient. The characteristics D-F is flatter as shown in Figure 2-1. 
For a negative surge as illustrated in Figures 1-1 and 2-1, it is worth to note that d1 < do and hence 
C1 < Co. Along the backward characteristics D-F, the following holds: C1 < C < Co. The sign of Fr 
is the sign of V and the sign of So is the sign of Fro. For Sf = So = 0, the backward characteristics is a 
straight line whose equation is: 
   )tt(C3C2Vxx 11ooGate   (2-18) 
The above considerations suggest that the flow resistance will make a negative surge less 
dispersive. Henderson (1966) argued however that the development has some physical limitation. 
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Fig. 2-1 - Effects of flow resistance on a negative surge - Calculations performed for 
(d1/do)/(t1(g/do)1/2) = 1.39 and Fro = 0.36 
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3. PHYSICAL MODELLING OF NEGATIVE SURGES 
3.1 PRESENTATION 
The physical studies of negative surges are performed with geometrically similar models, and the 
modelling requires the selection of the relevant similitude. For the simple case of a negative surge 
propagating in a rectangular, horizontal channel after a sudden and complete gate opening, a 
dimensional analysis yields: 
 zyx V,V,V,d  =  ...,,,g,B,,V,d,t,z,y,xF oo1   (3-1) 
where d is the flow depth, Vx, Vy, Vz are respectively the longitudinal, transverse and vertical 
velocity components at a location (x, y, z), x is the coordinate in the flow direction, y is the 
horizontal transverse coordinate measured from the channel centreline, z is the vertical coordinate 
measured from channel bed, t is the time, do and Vo are the initial flow depth and velocity 
respectively,  is the initial boundary layer thickness at x, B is the channel width, g is the gravity 
acceleration,  and  are the water density and dynamic viscosity respectively, and  is the surface 
tension between air and water. Equation (3-1) expresses the unsteady flow properties (left handside 
terms) at a point in space (x, y, z) and time t as functions of the initial flow conditions, channel 
geometry and fluid properties. 
Some basic considerations show that the relevant characteristic length and velocity scales are 
respectively the initial flow depth do and velocity Vo. Equation (3-1) may be rewritten in 
dimensionless terms: 
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In Equation (3-2) right handside, the fifth and sixth terms are the Froude and Reynolds numbers 
respectively, and the ninth term is the Morton number. 
In a geometrically similar model, a true dynamic similarity is achieved only if each dimensionless 
parameter has the same value in both model and prototype. Scale effects may exist when one or 
more -terms have different values between the model and prototype. In free-surface flows 
including negative surges, the gravity effects are important and a Froude similitude is commonly 
used (Henderson 1966, Chanson 1999). This is also the case in the present study. 
 
3.2 EXPERIMENTAL FACILITY AND INSTRUMENTATION 
The experiments were performed in a 12 m long, 0.5 m wide tilting flume (Fig. 3-1). The channel 
was made of smooth PVC bed and glass walls. The water was supplied by a constant head tank to a 
large intake chamber with a smooth convergent feeding into the glass-walled channel. A fast-
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opening gate was located at the channel downstream end: x = 11.15 m where x is the longitudinal 
distance from the channel upstream end (Fig. 1-1). (The gate was identical to that used by Koch and 
Chanson (2005,2009).) A number of experimental flow conditions were tested. Table 3-1 
summarises the range of experimental flow conditions where Q is the initially steady flow rate, h is 
the undershoot gate height before fast-opening, and So is the bed slope. 
The water discharge was measured with two orifice meters designed based upon the British 
Standards (1943) and calibrated on site with a volume per time technique. The percentage of error 
was less than 2%. In steady flows, the water depths were measured using rail mounted pointer 
gauges. The unsteady water depth was measured using a series of acoustic displacement meters 
MicrosonicTM Mic+25/ IU/TC. The data accuracy and response of the acoustic displacement meters 
were 0.18 mm and 50 ms, respectively. The turbulent velocity components were measured using an 
acoustic Doppler velocimeter (ADV) NortekTM Vectrino+ (Serial No. VNO 0436) equipped with a 
side-looking head. The velocity rate was set to 1.0 m/s and the sampling rate was 200 Hz for all the 
experiments with an estimated data accuracy of 0.01 m/s (Nortek 2009). The translation of the ADV 
probe in the vertical direction was controlled by a fine adjustment travelling mechanism connected 
to a MitutoyoTM digimatic scale unit with an error less than 0.1 mm. Herein all the measurements 
were taken on the channel centreline, and the ADV and displacement sensors were synchronised 
and sampled simultaneously at 200 Hz. 
 
  
  
(A) Negative surge generation next to the gate - Initial flow conditions: Q = 0.020 m3/s, h = 0 - 
Photographs after lens distortion corrections - From Top Left to Bottom Right, Left to Right, t = 0, 
9 
0.19, 0.385, 0.577 s 
 
(B) Negative surge propagating upstream - Initial flow conditions: Q = 0.020 m3/s (from right to 
left), h = 0.030 m - The photograph covers 11 m > x > 7 m, and the gate is fully opened (left 
handside) 
Fig. 3-1 - Photographs of the negative surge experiments - Negative surge propagation from left to 
right 
 
A video camera Panasonic™ NV-H30 (25 fps) was used to record the instantaneous free-surface 
profile at two different locations along the channel. The camera was placed about 0.5 m from the 
channel sidewall. A 20 mm squared grid was placed on the side wall for reference and lens 
distortion correction. Some coloured vegetable dye was added to the water to improve the visibility 
of the surface edge in the images (Fig. 3-1). The focal plan of the camera was placed slightly 
beneath the initial free-surface for the recorded image to show the free surface close to the wall 
rather than on the channel centreline. Additional informations were recorded with a PentaxTM K-7 
camera with a 14Mp resolution. Further photographs of the experiments are presented in Appendix 
A. 
 
3.3 INFLOW CONDITIONS AND NEGATIVE SURGE GENERATION 
The displacement meters were located at x = 5.6, 6.0, 6.2, 10.2, 10.5, 10.8 m where x is the 
longitudinal distance from the channel upstream end. The video-camera was centered either at x = 
6.0 m covering 5.8 < x < 6.3 m or x = 10.8 m covering 10.5 < x < 11.2 m (incl. the gate). The ADV 
unit was mounted at x = 6 or 10.5 m, and at z = 0.0067, 0.025, 0.124, 0.135 m where z is the 
elevation above the bed. At each sampling location, the experiments were repeated 25 times and the 
results were ensemble-averaged. For the two upper locations, the sampling was stopped when the 
ADV head became out of water. 
For each experimental run, the steady gradually-varied flow conditions were established prior to the 
first measurements. The negative surge was produced by opening rapidly a tainter gate (Fig. 3-1). 
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The gate was operated manually and the opening times were less than 0.15 to 0.2 s. Such an 
opening time was small enough to have a negligible effect on the surge propagation as shown by 
Lauber (1997). After the rapid gate opening, the gate did not intrude into the flow as sketched in 
Figure 3-1A. The experimental flow conditions are summarised in Table 3-1 where Q is the initially 
steady flow rate, do and Vo are the initial flow depth and velocity recorded at x = 6 m, and h is the 
undershoot gate height before opening. 
 
Table 3-1 - Experimental investigations of negative surges 
 
Ref. So Q h do (at 
x=6m)
U (at 
x=6m)
Instrument(s) 
  (m3/s) (m) (m) (m/s)  
(1) (2) (3) (4) (5) (6) (7) 
20_30mm 0 0.020 0.030 0.24 0.91 Video, ADV, displacement meters. 
20_50mm  0.020 0.050 0.10 0.25 Video. 
30_40mm  0.030 0.040 0.26 0.33 Video. 
30_50mm  0.030 0.050 0.22 0.49 Video. 
 
Notes: h: undershoot gate height before sudden opening. 
 
Boundary conditions 
Prior to each experiment, the flow was controlled by the downstream tainter gate. Figure 3-2 shows 
the arrangement. In the initially steady flow, the continuity equation and Bernoulli principle yield: 
 BdVBdVQ 2G2G1G1G   (3-3) 
 
g2
V
d
g2
V
dE
2
2G
2G
2
1G
1G   (3-4) 
where Q is the water discharge, V and d are the flow velocity and depth respectively, the subscripts 
G1 and G2 refer to the flow properties immediately upstream and downstream of the gate (Fig. 3-
2),d B is the channel width and E is the specific energy. 
The flow depth downstream of the gate was controlled by the gate opening h and the angle  
between the gate and the horizontal: 
 hCd c2G   (3-5) 
where Cc is the contraction coefficient which may be calculated from ideal fluid flow considerations 
(Rouse 1946, Chanson 2009). The flow depth immediately upstream of the gate is derived from 
energy considerations: 
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where and  is defined as (Chanson 1999): 
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  (3-7) 
with dc the critical flow depth (dc = 3 22 )Bg/(Q ) 
Prior to gate opening, the free-surface followed a M2 profile which was controlled by the tainter 
gate flow conditions. After gate opening, the final free-surface shape (1) was another M2 profile 
controlled by the overfall at the channel downstream end where critical flow conditions took place. 
For a series of experiments, the initial and final free-surface profiles are reported in Figure 3-3. 
 
 
Fig. 3-2 - Definition sketch of the underflow beneath the tainter gate prior to gate opening 
 
Table 3-2 - Experimental flow properties across the tainter gate immediately prior to opening 
 
Ref. So Q h  Cc dG2 (+) dG1 ($) d (at 
x=10.8m) 
  (m3/s) (m) (deg.)  (m) (m) (m) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
20_30mm 0 0.020 0.030 91.75 0.608 0.0182 0.262 0.243 
20_50mm  0.020 0.050 93.92 0.605 0.0302 0.113 0.106 
30_40mm  0.030 0.040 92.92 0.606 0.0242 0.335 0.266 
30_50mm  0.030 0.050 93.92 0.605 0.0302 0.227 0.236 
 
Notes: Cc: contraction coefficient of a two-dimensional flow (von Mises 1917); h: undershoot gate 
height before sudden opening; (+) calculated using Eq. (3-5); ($): calculated using equation (3-6); 
                                                 
1 Recorded 5 minutes after gate opening. 
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Italic data: possibly incorrect data. 
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Fig. 3-3 - Initial steady flow free-surface profile prior to negative surge and final free-surface 
profile after gate opening - Flow conditions: Q = 0.020 m3/s, h = 0.030 m, steady flow direction 
from right to left - Comparison between physical data (recorded with acoustic displacement meters) 
and backwater calculations 
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4. BASIC OBSERVATIONS 
4.1 BASIC FLOW PATTERNS 
Both visual observations and water surface profile measurements at the gate showed a steep drop in 
water depth close to the gate (e.g. 10 < x < 11.15 m) compared to the observations further upstream 
at 5.5 < x < 6.5 m (Fig. 3-1 & 4-1). Figure 3-1 presents some photographs of the upstream 
propagation of negative surges. Figure 3-1A shows a series of 4 photographs of surge propagating 
immediately upstream of the gate within 0.8 s. Figure 3-1B presents an instantaneous shot of the 
water surface between x = 7 and 11 m. Additional photographs of experiments are presented in 
Appendix A. Figure 4-1 shows some instantaneous free-surface profiles next to the gate (10.48 < x 
< 11.2 m, Fig. 4-1A) and further upstream (5.8 < x < 6.3 m, Fig. 4-1B) recorded with the video 
camera. In Figure 4-1, do is the initial flow depth at x = 6 m and the data were recorded at 25 fps. 
the results illustrate the gradual lowering of the water surface associated with the upstream 
propagation of the negative surge. 
The observations highlighted the rapid gate opening and surge formation (Fig. 3-1A & 4-1A), as 
well as some interactions of the gate lower lip with the upper flow region. Very rapidly (within a 
second), the disturbance vanished and the instantaneous free-surface exhibited a smooth shape as 
shown in Figures 3-1B & 4-1B.  
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(A) Immediately upstream of the gate (10.48 < x < 11.2 m) 
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(B) About x = 6 m (5.8 < x < 6.3 m) 
Fig. 4-1 - Instantaneous free-surface profiles during the negative surge propagation - Initial flow 
conditions: Q = 0.030 m3/s, h = 0.040 m, do = 0.26 m - Negative surge propagation from left to right 
- The legend indicates the video frame number 
 
The observations showed some free-surface curvature immediately after the gate opening as 
illustrated in Figures 3-1A & 4-1A, typically for 5.1d/gt o  . For larger times after gate opening, 
the free-surface was very flat and smooth. The water surface curvature was not discernable by eye 
and the assumption of hydrostatic pressure was likely valid. 
 
Negative surge celerity 
The celerity of the negative surge leading edge was deduced from photographic, video and acoustic 
displacement meter measurements. Typical results are presented in Figure 4-2 where the 
downstream gate is shown with a thick dashed line. For all the experimental flow conditions, the 
celerity data highlighted two distinct phases. Very close to the gate, and immediately after gate 
closure, the negative surge formation was associated with some local dissipative process illustrated 
in Figure 3-1A. During this formation phase, the celerity of the negative surge leading edge 
increased with time. Within the experimental flow conditions (Table 3-1), the present data sets 
suggested that the acceleration phase took place within a distance 4do from the gate. After the 
acceleration/formation phase, the negative surge propagated upstream in a more gradual manner. 
During this gradually-varied phase, the surge leading edge was very flat and barely perceptible, and 
its celerity tended to decrease slowly with increasing distance from the gate as shown in Figure 4-2 
for x/do < 40. The data implied some deceleration in a manner which is contrary to the above 
theoretical development (section 2). At x = 6 m, the dimensionless negative surge celerity 
(U+Vo)/(g do)1/2 ranged from 0.3 up to 1.0 depending upon the initial steady flow conditions, where 
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U is the celerity of the surge leading edge positive upstream (Table 3-1). 
For comparison, the analytical solution of the Saint-Venant equations for a simple wave predicts 
that the leading edge of the negative surge propagates with a constant dimensionless celerity 
(U+Vo)/(g do)1/2 = 1. In a rectangular flume, Favre (1935) measured the surge celerity propagating 
downstream as (U+Vo)/(g do)1/2 = 1. Lauber and Hager (1998) performed experiments in a 
horizontal rectangular channel initially at rest (Vo=0) with a 3.5 m long reservoir and observed U/(g 
do)1/2 = 1.4. Tan and Chu (2009) re-analysed the same data set (Vo=0), and their computational data 
matched the experimental observations yielding U/(g do)1/2 = 1. The present results (Figure 4-2, 
Table 3-1) suggest that neither the Saint-Venant equations solution nor previous findings are 
comparable with the present findings. While the negative surge formation might be affected by the 
gate opening mechanism, the gradually-varied phase associated with a slow deceleration of the 
negative surge leading edge was possibly linked with the initial flow conditions and the upstream 
propagation of the surge against a M2 backwater profile with slightly increasing depth with 
increasing distance from the gate. Further work is required to comprehend the scatter of the surge 
celerity data. 
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Fig. 4-2 - Dimensionless negative surge celerity as a function of the longitudinal distance - Flow 
conditions: Q = 0.020 m3/s, h = 0.030 m, do = 0.24 m 
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4.2 FREE-SURFACE AND TURBULENT VELOCITY MEASUREMENTS 
During the negative surge, the water depth decreased relatively gradually after the initial surge 
formation. The free surface measurements showed some marked curvature near the surge leading 
edge. The longitudinal velocity component increased at the same time as the water depth decreased. 
Typical results are presented in Figures 4-3, 4-4 and 4-5. Figure 4-3 presents some free-surface 
measurements at x = 6 and 10.5 m; both the ensemble-median, the difference between maximum 
and minimum water depths (dmax-dmin) and the difference between the 3rd and 1st quartiles (d75-d25) 
are presented. Figures 4-4 and 4-5 show some velocity measurements at x = 10.5 m and x = 6 m 
respectively. Each graph includes the ensemble-median water depth, the median velocity 
components and difference between the 3rd and 1st quartiles (V75-V25) (2). Further velocity data are 
presented in Appendix C. 
The free-surface data highlighted the free-surface curvature at the leading edge of the negative wave 
(Fig. 4-3). Some large fluctuations in free-surface elevations were observed briefly behind the 
negative surge leading edge: e.g., for t(g/do)1/2 = 70-75 and 95-105 in Figures 4-3A and 4-3B 
respectively. The free-surface curvature and slope were both larger close to the gate (x = 10.5 m) 
than further upstream (x = 6 m) (Fig. 4-3). Based upon the maximum free-surface curvature at the 
surge leading edge, the vertical pressure distributions were calculated using a solution of the 
Boussinesq equation (Montes and Chanson 1998). The calculations are summarised in Table 4-1 
presenting the radius of curvature of free-surface and deviation from hydrostatic pressure where the 
free-surface curvature is maximum (Table 4-1, columns 6 & 7). The results implied that the 
smallest radius of curvature was large: |(Rs)min| = 7 m and 49 m at xGate-x = 0.65 and 5.15 m 
respectively (i.e. x = 10.5 & 6 m). The pressures at the leading edge were basically hydrostatic 
within the approximations of the theoretical model. 
 
Table 4-1 - Maximum free-surface curvature at the leading surge of the negative surge 
 
Q 
(m3/s) 
h 
(m) 
x 
(m) 
(2d/t2)max
(m/s2) 
d/t 
(m/s) 
(Rs)min 
(m) 
 
g
z/P
1 max

(1) (s) (3) (4) (5) (6) (7) 
0.020 0.030 6.0 -0.017 -0.007 -48.6 (+) 6×10-5 (+) 
  10.5 -0.143 -0.066 -6.9 (+) 5.3×10-4 (+) 
 
Notes: Rs: radius of curvature; (+): calculations based upon the Boussinesq equation solution of 
                                                 
2 For a Gaussian velocity distribution around the mean, the difference (V75-V25) would be equal to 0.7v' 
where v' is the standard deviation of the velocity component. 
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Montes & Chanson (1998). 
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(A) Water depth data recorded at x = 10.5 m (close to the gate) 
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(B) Water depth data recorded at x = 6 m 
Fig. 4-3 - Unsteady free-surface measurements beneath a negative surge: time-variations of the 
median water depth, difference between maximum and minimum water depths (dmax-dmin) and 
difference between the 3rd and 1st quartiles (d75-d25) - Flow conditions: Q = 0.020 m3/s, h = 0.030 
m 
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(A) Longitudinal velocity component Vx at z/do = 0.615 
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(B) Transverse velocity component Vy at z/do = 0.615 
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(C) Vertical velocity component Vz at z/do = 0.615 
Fig. 4-4 - Free-surface and velocity data beneath a negative surge at x = 10.5 m (0.65 m upstream of 
gate): ensemble-median water depth dmedian, median velocity components and difference between 
the 3rd and 1st quartiles (V75-V25) - Flow conditions: Q = 0.020 m3/s, h = 0.030 m, x = 10.5 m - 
Data truncated when ADV unit was out of water 
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(A) Longitudinal velocity component Vx at z/do = 0.563 
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(B) Transverse velocity component Vy at z/do = 0.563 
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(C) Vertical velocity component Vz at z/do = 0.563 
Fig. 4-5 - Free-surface and velocity data beneath a negative surge at x = 6 m (5.15 m upstream of 
gate): ensemble-median water depth dmedian, median velocity components and difference between 
the 3rd and 1st quartiles (V75-V25) - Flow conditions: Q = 0.020 m3/s, h = 0.030 m, x = 6.0 m 
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The unsteady velocity data highlighted a number of basic features beneath the negative surge. The 
longitudinal velocity measurements showed an acceleration of the flow during the drawdown of the 
free-surface (Fig. 4-4 & 4-5). This was associated with some increase in all velocity component 
fluctuations, compared to the steady state and to the final flow conditions (not shown herein). For 
example, for t(g/do)1/2 = 65 to 75 and 90 to 120 in Figures 4-4 and 4-5 respectively. The magnitude 
of the difference between 3rd and 1st quartiles (V75-V25) was about similar at both locations (x = 6 
& 10.5 m) as seen in Figures 4-4 and 4-5 drawn with the same horizontal and vertical scales.  
The transverse velocity component Vy showed quantitatively lesser fluctuations before, during and 
after surge formation than in the horizontal and vertical directions. Close to the free-surface (e.g. 
z/do = 0.62), the vertical velocity component was negative on average and its magnitude was 
comparable to the maximum vertical velocity of the free-surface: that is, (d/z)max/Vo = -1.7 and -
0.25 at x = 10.5 and 6 m respectively.  
Overall the present data indicated that the negative surge flow was an unsteady three-dimensional 
turbulent process. 
 
4.3 TURBULENT REYNOLDS STRESS MEASUREMENTS 
In a turbulent flow, the flux of x-momentum in the y-direction induces a shear stress term in the x-
direction: i.e., the turbulent stress vxvy. The turbulent stress tensor is a transport effect resulting 
from turbulent motion induced by velocity fluctuations with the subsequent increase of momentum 
exchange and of mixing (Piquet 1999). In the present study, the turbulent shear stresses were 
calculated based upon an ensemble-median technique (median value of 25 runs) (App. D). Some 
typical results are presented in Figure 4-6. Further results are reported in Appendix D. 
The experimental results showed a number of basic properties. Overall the turbulent stress data 
suggested that the passage of a negative surge was associated with large turbulent stresses and 
turbulent stress fluctuations at all vertical elevations. That is, the magnitude of turbulent Reynolds 
stress components was significantly larger than in the initially steady flow and than in the final flow 
(after the passage of the surge). This was observed with all Reynolds stress components at both x = 
6 and 10.5 m. The findings were not unlike some turbulent stress measurements during the ebb tide 
motion in estuaries (Stacey et al. 1999, Trevethan et al. 2008). 
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(A) Reynolds stress tensor components vx2 and vxvy 
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(B) Reynolds stress tensor components vy2 and vyvz 
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(C) Reynolds stress tensor components vz2 and vxvz 
Fig. 4-6 - Ensemble-median water depth dmedian and velocity components, and median turbulent 
Reynolds stress tensor components beneath a negative surge at x = 6 m (5.15 m upstream of gate) 
and z/do = 0.030 - Flow conditions: Q = 0.020 m3/s, h = 0.030 m, x = 6.0 m, z = 0.0067 m 
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Although the boundary shear stress in an accelerating flow is lower than that in a steady flow for the 
same velocity and depth (Johnson 1991, He et al. 2011), the present data highlighted large 
fluctuations of all velocity components as well as large turbulent stress components in the 
accelerating flow beneath the negative surge (Fig. 4-6). The unsteady Reynolds stress components 
were significantly larger in the initially steady and final flow motions. The results implied that 
negative surges have some potential to induce some significant turbulent mixing. 
Some large magnitude and rapid fluctuations of turbulent Reynolds stresses were observed at all 
elevations. For a non-cohesive sediment material, the Shields diagram gives a critical shear stress 
for sediment bed load motion about (τo)c = 0.1 to 0.5 Pa for fine sand particles with sizes between 
0.1 and 1 mm (Graf 1971, Julien 1995, Chanson 1999). Herein the instantaneous turbulent shear 
stress magnitudes ranged up to more than 5 Pa. The Reynolds stress levels were an order of 
magnitude larger than the critical threshold for sediment motion and transport. For the same fine 
sand particles with sizes between 0.1 and 1 mm, the ratio of shear velocity to particle fall velocity 
V*/wo ranged from 5 downs to 0.5 and may be compared with the threshold for onset of sediment 
suspension: (V*/wo)c > 0.2 to 2 (van Rijn 1984, Julien 1995, Chanson 1999). The present data 
implied that the negative surge motion could scour relatively fine sediment particles and advect 
these in suspension during the drawdown process. 
This comparison has some limitations however. The validity of the Shields diagram, critical shear 
stress estimate and suspension threshold is debatable in a rapidly-varied flow such as a negative 
surge. 
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5. COMPARISON WITH ANALYTICAL AND NUMERICAL MODELS 
5.1 PRESENTATION 
The physical data set was used to test three models: an analytical model and two numerical models 
of the negative surge (Table 5-1). One numerical model was based upon the one-dimensional 
equations as for the analytical model, while the second numerical model was a two-dimensional 
one. 
The first model (M1) was an analytical solution of the St Venant equations based upon the simple 
wave approximation (Eq. (2-3) to (2-6)). The explicit solution assumed Sf = So = 0: i.e, frictionless 
flow. The second model (M2) was a numerical integration of the St Venant equations using the 
Hartree method (Courant et al. 1952, Montes 1998). The one-dimensional model solution was 
integrated from x = 10.8 m using the measured flow depth for its downstream boundary condition, 
with an integration time step t = 0.05 s and a grid size x = 0.10 m. The last model (M3) was a 
two-dimensional (1) numerical model using the software Flow-3DTM. The classical RNG turbulence 
model was selected for its robustness and an uniform mesh size was used. A sensitivity analysis was 
performed with mesh sizes of 5 mm, 15 mm and 30 mm. The 5 mm mesh size results gave the best 
agreement with the physical data and are presented below. Further details on the CFD modelling 
and sensitivity analysis results are reported in Appendix E. 
 
Table 5-1 - Summary of analytical and numerical models of the negative surge 
 
Model Type Description Characteristics Downstream 
boundary 
conditions 
Flow conditions
(1) (2) (3) (4) (5) (6) 
M1 Analytical Simple wave -- Measured depth at 
x=10.8 m 
Q = 0.020 m3/s, 
h = 0.030 m 
M2 Numerical 
(1D) 
Integration of 
St Venant 
equations 
Hartree method 
(x=0.1m, 
t=0.05s) 
Measured depth at 
x=10.8 m 
 
M3 Numerical 
(2D) 
Flow-3DTM 
(v. 9.3) 
Uniform mesh size: 
5, 15, 30 mm, RNG 
turbulence model 
Sudden gate 
removal 
 
 
5.2 COMPARATIVE RESULTS 
The analytical solution and numerical model data were compared with the free-surface physical 
data (Fig. 6-1). Figure 6-1 presents the free-surface data are x = 6 and 10.8 m, together with the 
                                                 
1 vertical plane corresponding to the channel centreline. 
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simple wave solution, the Saint-Venant equation (SVE) integration results for two values of Darcy-
Weisbach friction factor and the CDF model results for a 5 mm mesh size. The simple wave method 
and the numerical integration of Saint-Venant equations compared well with the physical data. The 
simple wave solution with no friction compared best to the measurements. Indeed the laboratory 
flume had a rectangular cross-section with PVC bed and glass sidewalls; i.e., the flume was 
relatively smooth. The CFD results were close to the physical observations at x = 10.8 m. But they 
underestimated slightly the surge celerity while the water depth predictions at x = 6 m were 
consistently higher than the observations (Fig. 5-1). The CFD results showed a slight delay in the 
surge front propagation compared to the physical data and this might be a result of different 
downstream boundary conditions: i.e., an idealised gate opening for the CFD, versus the measured 
data at x = 10.8 m for the integration of Saint-Venant equations. 
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Fig. 5-1 - Dimensionless free-surface profile in a negative surge: comparison between physical, 
analytical and numerical results - Flow conditions: Q = 0.020 m3/s, h = 0.030 m, x = 6.0 & 10.8 m 
 
Some comparative results in terms of the longitudinal velocity data are presented in Figure 5-2. The 
physical data (instantaneous velocity) are compared with the calculations based upon of the simple 
wave methods, the numerical integration of the Saint-Venant equations and Flow-3DTM simulations. 
Note that the simple wave and St Venant equation results are depth-averaged velocity data, while 
the physical data and the CFD results are functions of the relative vertical elevations z/do at a given 
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cross-section. In Figure 5-2, the time-variations of the velocity Vx are presented in dimensionless 
form and the data were obtained at x = 6 m. The analytical and numerical results compared 
qualitatively well with the experimental measurements. All the data highlighted the acceleration of 
the flow beneath the negative surge. However neither the analytical nor numerical solutions can 
reproduce the turbulent fluctuations in terms of the longitudinal velocity, as indeed the numerical 
approaches were turbulence averaged. Both the physical observations and CFD results indicated an 
increase in longitudinal velocity components with increasing vertical elevation at a given time. 
The CFD results generally underestimated the longitudinal velocities beneath the negative surge at 
all vertical elevations. The numerical data tended to compare better with the physical data at z/do = 
0.6 than at z/do = 0.03 suggesting that the numerical model did not represent well the physical 
processes close to the channel bed.  
In general, the simple wave method produced some reasonably good results compared to the 
experimental data. This was also the least time-consuming method. But both the simple wave 
method and the numerical integration of the Saint-Venant equations required an initial input time 
series (water depth) for the downstream boundary to predict the surge propagation. 
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(A) z/do = 0.030 
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(B) z/do = 0.615 
Fig. 5-2 - Dimensionless free-surface and longitudinal velocity in a negative surge: comparison 
between physical, analytical and numerical results - Flow conditions: Q = 0.020 m3/s, h = 0.030 m, 
x = 6.0, z/do = 0.030 & 0.615 
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6. CONCLUSION 
Limited quantitative informations about the characteristics and propagation of negative surges are 
available to date. In the present study, some new physical experiments were conducted in a large 
rectangular channel with high temporal and spatial resolution to characterise the unsteady free-
surface profile and turbulence characteristics in a negative surge propagating upstream. The detailed 
velocity measurements were performed using acoustic Doppler velocimetry (ADV) at high 
frequency (200 Hz), while the free-surface elevations were recorded using non-intrusive techniques, 
namely acoustic displacement meters (ADM) and video imagery. The physical results were used as 
benchmark to test some analytical and numerical methods. 
The physical observations showed that the leading edge of negative surge propagated upstream with 
a celerity which varied with time and space. During the first initial instants following the gate 
opening (formation phase), the celerity of negative surge leading edge increased with time up to 
xGate-x = 4do. After the acceleration phase, the negative surge propagated upstream in a more 
gradual manner: the surge leading edge was very flat and barely perceptible (Fig. 6-1). Its celerity 
tended to decrease slowly with increasing distance from the gate. The data implied some 
deceleration in a manner which is contrary to theoretical considerations. At xGate-x = 5.15 m, the 
dimensionless negative surge celerity (U+Vo)/(g do)1/2 ranged from 0.3 up to 1.0 depending upon 
the initial steady flow conditions. 
The physical results showed that the propagation of the negative surges was associated with an 
acceleration of the flow. The velocity data highlighted some increased turbulence occurring beneath 
the negative surge, with large velocity fluctuations and large Reynolds stress components. The 
velocity fluctuations and turbulent stresses were significantly larger than in the initially steady flow 
and in the final flow motion. Further there was some more intense turbulent mixing occurring next 
to the gate (xGate-x = 0.35 m) shortly after gate opening than further upstream (xGate-x = 5.15 m). 
The rate of water elevation decrease was the largest next to the leading edge of the negative surge, 
while the longitudinal velocity increased during the initial stages of negative surge. 
The physical results were used to test the analytical solution of the Saint-Venant equations and 
some 1-D and 2-D numerical model results. The findings showed that the negative surge 
propagation was relatively little affected by the boundary friction within the experimental flow 
conditions. For a relatively simple geometry such as the prismatic rectangular flume used herein, 
the physical data were best modelled by the simple wave analytical solution. Both numerical model 
results were qualitatively in agreement with the experimental observations. 
The present results suggested that the negative surge remains a challenging topic for the 
computational modellers. Yet one must ask: do the results of the negative surge investigated in a 
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laboratory setting represent the real world? Is the analytical solution of the Saint-Venant equations 
more applicable to derive the free-surface profile of the surge propagation, as compared to the 
numerical solutions used in most one-dimensional flow models or derived from two-dimensional 
CFD models? What is the influence of the boundary conditions on the numerical results? 
 
 
Fig. 6-1 - Negative surge propagation at xGate-x = 5.15 m - Negative wave leading edge propagating 
from left to right - The surge leading edge is approximately beneath the acoustic displacement 
meter in the right handside - Flow conditions: Q = 0.020 m3/s, h = 0.030 m, xs ~ 6 m 
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APPENDIX A - PHOTOGRAPHIC OBSERVATIONS OF NEGATIVE SURGE 
EXPERIMENTS 
 
 
 
 
Fig. A-1 - Negative surge propagating upstream (from left to right) - Initial flow conditions: Q = 
0.020 m3/s, h = 0.030 m - From Top to Bottom, t = 0, 0.19, 0.38, 0.58, 0.77, 0.96, 1.15, 1.35, 1.54, 
1.73, 1.92, 2.12 s - The photograph covers 8.5 m > x > 5.5 m - The leading edge of the negative 
surge appears on the far left of the first photograph - Lens: Voigtlander Nokton 58mm f1.4, shutter 
1/1,00 s 
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Fig. A-1 - Negative surge propagating upstream (from left to right) - Initial flow conditions: Q = 
0.020 m3/s, h = 0.030 m - From Top to Bottom, t = 0, 0.19, 0.38, 0.58, 0.77, 0.96, 1.15, 1.35, 1.54, 
1.73, 1.92, 2.12 s - The photograph covers 8.5 m > x > 5.5 m - The leading edge of the negative 
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surge appears on the far left of the first photograph - Lens: Voigtlander Nokton 58mm f1.4, shutter 
1/1,00 s 
 
 
 
Fig. A-1 - Negative surge propagating upstream (from left to right) - Initial flow conditions: Q = 
0.020 m3/s, h = 0.030 m - From Top to Bottom, t = 0, 0.19, 0.38, 0.58, 0.77, 0.96, 1.15, 1.35, 1.54, 
1.73, 1.92, 2.12 s - The photograph covers 8.5 m > x > 5.5 m - The leading edge of the negative 
surge appears on the far left of the first photograph - Lens: Voigtlander Nokton 58mm f1.4, shutter 
1/1,00 s 
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Fig. A-1 - Negative surge propagating upstream (from left to right) - Initial flow conditions: Q = 
0.020 m3/s, h = 0.030 m - From Top to Bottom, t = 0, 0.19, 0.38, 0.58, 0.77, 0.96, 1.15, 1.35, 1.54, 
1.73, 1.92, 2.12 s - The photograph covers 8.5 m > x > 5.5 m - The leading edge of the negative 
surge appears on the far left of the first photograph - Lens: Voigtlander Nokton 58mm f1.4, shutter 
1/1,00 s 
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Fig. A-2 - Negative surge propagating upstream (from left to right) - Initial flow conditions: Q = 
0.020 m3/s, h = 0.030 m - From Top to Bottom, t = 0, 0.19, 0.38, 0.58, 0.77, 0.96, 1.15, 1.35, 1.54, 
1.73, 1.92, 2.12, 2.31, 2.50, 2.69, 2.88, 3.08 s - The photograph covers 11 m > x > 6 m - The first 
photograph corresponds to the instant when the gate lower edge (far left) is just above the water 
surface - Lens: Voigtlander Nokton 58mm f1.4, shutter 1/1,000 s 
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Fig. A-2 - Negative surge propagating upstream (from left to right) - Initial flow conditions: Q = 
0.020 m3/s, h = 0.030 m - From Top to Bottom, t = 0, 0.19, 0.38, 0.58, 0.77, 0.96, 1.15, 1.35, 1.54, 
1.73, 1.92, 2.12, 2.31, 2.50, 2.69, 2.88, 3.08 s - The photograph covers 11 m > x > 6 m - The first 
photograph corresponds to the instant when the gate lower edge (far left) is just above the water 
surface - Lens: Voigtlander Nokton 58mm f1.4, shutter 1/1,000 s 
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Fig. A-2 - Negative surge propagating upstream (from left to right) - Initial flow conditions: Q = 
0.020 m3/s, h = 0.030 m - From Top to Bottom, t = 0, 0.19, 0.38, 0.58, 0.77, 0.96, 1.15, 1.35, 1.54, 
1.73, 1.92, 2.12, 2.31, 2.50, 2.69, 2.88, 3.08 s - The photograph covers 11 m > x > 6 m - The first 
photograph corresponds to the instant when the gate lower edge (far left) is just above the water 
surface - Lens: Voigtlander Nokton 58mm f1.4, shutter 1/1,000 s 
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Fig. A-2 - Negative surge propagating upstream (from left to right) - Initial flow conditions: Q = 
0.020 m3/s, h = 0.030 m - From Top to Bottom, t = 0, 0.19, 0.38, 0.58, 0.77, 0.96, 1.15, 1.35, 1.54, 
1.73, 1.92, 2.12, 2.31, 2.50, 2.69, 2.88, 3.08 s - The photograph covers 11 m > x > 6 m - The first 
photograph corresponds to the instant when the gate lower edge (far left) is just above the water 
surface - Lens: Voigtlander Nokton 58mm f1.4, shutter 1/1,000 s 
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Fig. A-2 - Negative surge propagating upstream (from left to right) - Initial flow conditions: Q = 
0.020 m3/s, h = 0.030 m - From Top to Bottom, t = 0, 0.19, 0.38, 0.58, 0.77, 0.96, 1.15, 1.35, 1.54, 
1.73, 1.92, 2.12, 2.31, 2.50, 2.69, 2.88, 3.08 s - The photograph covers 11 m > x > 6 m - The first 
photograph corresponds to the instant when the gate lower edge (far left) is just above the water 
surface - Lens: Voigtlander Nokton 58mm f1.4, shutter 1/1,000 s 
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APPENDIX B - PHYSICAL NEGATIVE SURGE EXPERIMENTS: INITIAL 
AND FINAL BOUNDARY CONDITIONS 
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Fig. B-1 - Initial steady flow free-surface profile prior to negative surge and final free-surface 
profile after gate opening - Flow conditions: Q = 0.020 m3/s, h = 0.030 m, steady flow direction 
from right to left 
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APPENDIX C - TURBULENT VELOCITY MEASUREMENTS BENEATH A 
NEGATIVE SURGE 
C.1 PRESENTATION 
In a turbulent flow, the instantaneous velocity may be separated into an average component plus a 
turbulent fluctuation: 
 vVV   (D-1) 
where V is the instantaneous velocity, V  is the average velocity, and v is the instantaneous 
fluctuation. In steady flows, V  is the time-averaged velocity. When the flow is unsteady, the time-
average is meaningless, and the long-term and short-term turbulent fluctuations must be processed 
separately. In periodic flows, V  may be taken as the phase-averaged velocity. In a transient flow, 
the mean motion is determined by ensemble-averaging (Bradshaw 1971, Schlichting and Gersten 
2001). That is, the experiment is repeated N times and the ensemble-averaged velocity is: 
 


N
1i
iVN
1V  (D-2) 
where the subscript i refers to the experimental run. When the number N of experiments is small, 
the ensemble-average is best replaced the ensemble median value. The turbulent velocity 
fluctuation v becomes the deviation of the instantaneous velocity V from the ensemble median V . 
Herein the turbulent velocity measurements were performed for the experimental flow conditions 
summarised in Table C-1. At each sampling location, 25 runs were repeated and the data were 
ensemble-averaged. The ensemble median was calculated as well as the standard deviation of the 
turbulent velocity fluctuation: 
 2
N
1i
i )VV(N
1'v 

  (D-3) 
where V  is the ensemble median. 
 
Table C-1 - Experimental flow conditions for turbulent stress measurements in negative surges 
 
Q So h do Vo ADV location 
     x z 
(m3/s)   (m) (m/s) (m) (m) 
(1) (2) (3) (4) (5) (6) (7) 
0.020 0.000 0.030 0.22 0.18 6.0 0.00669, 0.12394, 
0.1352 
     10.5 0.00669, 0.02501, 
0.12394, 0.1352 
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Notes: do initial flow depth at x = 6 m; Q: initial flow rate; So: bed slope; Vo initial flow velocity at 
x = 6 m; z: vertical elevation of sampling volume. 
 
List of symbols 
d flow depth (m) measured normal to the invert; 
do initial flow depth (m) measured normal to the chute invert at x = 6 m; 
g gravity constant (m/s2): g = 9.794 m/s2 in Brisbane, Australia; 
h undershoot gate height (m) prior to sudden gate opening 
Q volume flow rate (m3/s); 
So bed slope: So = sin; 
V instantaneous velocity component (m/s); 
Vo initial flow velocity (m/s) at x = 6 m; 
v instantaneous turbulent velocity fluctuation (m/s); 
v' standard deviation (m/s) of turbulent velocity fluctuation; 
V  ensemble-median velocity component (m/s). 
x longitudinal distance (m) measured from the channel upstream end, positive 
downstream; 
z distance (m) normal to the bed; it is the vertical distance (m) for a horizontal channel; 
for the fixed ravel bed, z is measured above the top of the gravel bed; 
 bed slope angle with the horizontal, positive downwards; 
 
Subscript 
o initial flow conditions: i.e., upstream of the negative surge leading edge; 
x longitudinal direction positive downstream; 
y transverse direction positive towards the left; 
z vertical direction positive upwards; 
25 first quartile: i.e., value for which 25% of data are smaller; 
75 third quartile: i.e., value for which 75% of data are smaller; 
 
Abbreviations 
EA ensemble average. 
 
C.2 RESULTS 
The basic results are presented herein in terms of the median component calculated using an 
ensemble-averaging (EA) method (median value of 25 runs). The results are presented in Figures C-
1 and C-2 for x = 6 m and x = 10.5 m respectively. The latter location was close to the gate while 
the former was 5.15 m upstream of the tainter gate. The gate was located at x = 1.15 m. Figures C-1 
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and C-2 show the median water depth, the ensemble median velocity component, the instantaneous 
velocity component during an experimental run (run 1) and the difference between the 3rd and 1st 
quartiles (V75-V25). For a Gaussian velocity distribution around the mean, the difference (V75-V25) 
would correspond to 0.7v' where v' is the standard deviation of the velocity component. 
The experimental results showed a number of basic features at both locations. The longitudinal 
velocity measurements showed a acceleration of the flow beneath the negative surge (Fig. C1-1 & 
C-2). This was associated with some increase in all velocity component fluctuations, compared to 
the steady state. The transverse velocity component Vy showed quantitatively lesser fluctuations 
before, during and after surge formation than in the horizontal and vertical directions. Close to the 
free-surface (z/do = 0.56 & 0.62), the vertical velocity component was negative on average and its 
magnitude was comparable to the maximum vertical velocity of the free-surface: that is, (d/z)max 
= -0.303 and -0.045 m/s at x = 10.5 and 6 m respectively. The present data indicated that the 
negative surge flow was an unsteady three-dimensional turbulent process. 
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(A) z/do = 0.030 
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(B) z/do = 0.563 
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(D) z/do = 0.615 
Fig. C-1 - Ensemble-median water depth dmedian, median velocity components and difference 
between the 3rd and 1st quartiles (V75-V25) beneath a negative surge at x = 6 m (5.15 m upstream of 
46 
gate) - From top to bottom: Vx, Vy, Vz - Flow conditions: Q = 0.020 m3/s, h = 0.030 m, x = 6.0 m 
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(A) z/do = 0.030 
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(B) z/do = 0.114 
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(C) z/do = 0.563 - Note that the probe was out of water for t > 10.8 to 11.4 s 
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(D) z/do = 0.615 - Note that the probe was out of water for t > 10.65 to 10.8 s 
Fig. D-2 - Ensemble-median water depth dmedian, median velocity components and difference 
50 
between the 3rd and 1st quartiles (V75-V25) beneath a negative surge at x = 10.5 m (0.65 m 
upstream of gate) - From top to bottom: Vx, Vy, Vz - Flow conditions: Q = 0.020 m3/s, h = 0.030 m, 
x = 10.5 m 
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APPENDIX D - TURBULENT REYNOLDS STRESS MEASUREMENTS IN A 
NEGATIVE SURGE 
D.1 PRESENTATION 
In a turbulent flow, the instantaneous velocity may be separated into an average component plus a 
turbulent fluctuation: 
 vVV   (D-1) 
where V is the instantaneous velocity, V  is the average velocity, and v is the instantaneous 
fluctuation. In steady flows, V  is the time-averaged velocity. When the flow is unsteady, the notion 
of time-average is meaningless. Instead the long-term and short-term turbulent fluctuations must be 
processed separately. In periodic flows, V  may be taken as the phase-averaged velocity. In a 
transient flow, the mean motion is determined by ensemble-averaging (Bradshaw 1971, Schlichting 
and Gersten 2000). That is, the experiment is repeated N times and the ensemble-averaged velocity 
is: 
 


N
1i
iVN
1V  (D-2) 
where the subscript i refers to the experimental run. When the number N of experiments is small, 
the ensemble-average is best replaced the ensemble median value. The turbulent velocity 
fluctuation v becomes the deviation of the instantaneous velocity V from the ensemble median V . 
In turbulent flows, the Reynolds stress tensor is a transport effect resulting from turbulent motion 
induced by velocity fluctuations with its subsequent increase of momentum exchange and of mixing 
(Piquet 1999). Herein the instantaneous turbulent Reynolds stresses were calculated using the 
ensemble-averaging (EA) technique for the experimental flow conditions summarised in Table D-1. 
 
Table D-1 - Experimental flow conditions for turbulent stress measurements in negative surges 
 
Q So h do Vo ADV location 
     x z 
(m3/s)   (m) (m/s) (m) (m) 
(1) (2) (3) (4) (5) (6) (7) 
0.020 0.000 0.030 0.22 0.18 6.0 0.00669, 0.12394, 
0.1352 
     10.5 0.00669, 0.02501, 
0.12394, 0.1352 
 
Notes: do initial flow depth at x = 6 m; Q: initial flow rate; So: bed slope; Vo initial flow velocity at 
x = 6 m; z: vertical elevation of sampling volume. 
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List of symbols 
d flow depth (m) measured normal to the invert; 
do initial flow depth (m) measured normal to the chute invert at x = 6 m; 
g gravity constant (m/s2): g = 9.794 m/s2 in Brisbane, Australia; 
h undershoot gate height (m) prior to sudden gate opening 
Q volume flow rate (m3/s); 
So bed slope: So = sin; 
V instantaneous velocity component (m/s); 
Vo initial flow velocity (m/s) at x = 6 m; 
v instantaneous turbulent velocity fluctuation (m/s); 
V  ensemble-median velocity component (m/s). 
x longitudinal distance (m) measured from the channel upstream end, positive 
downstream; 
z distance (m) normal to the bed; it is the vertical distance (m) for a horizontal channel; 
for the fixed ravel bed, z is measured above the top of the gravel bed; 
 bed slope angle with the horizontal, positive downwards; 
 water density (kg/m3); 
 
Subscript 
o initial flow conditions: i.e., upstream of the negative surge leading edge; 
x longitudinal direction positive downstream; 
y transverse direction positive towards the left; 
z vertical direction positive upwards; 
 
Abbreviations 
EA ensemble average. 
 
D.2 RESULTS 
The basic results are presented herein in terms of the median Reynolds stress components calculated 
using an ensemble-averaging (EA) method (median value of 25 runs). The results are presented in 
Figures D-1 and D-2 for x = 6 m and x = 10.5 m respectively. (The gate was located at x = 1.15 m.) 
The latter location was close to the gate while the former was 5.15 m upstream of the tainter gate. 
The experimental results showed a number of basic features. Overall the turbulent stress data 
suggested that the passage of a negative surge was associated with large turbulent stresses at all 
vertical elevations. That is, the magnitude of turbulent Reynolds stress components was 
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significantly larger than in the initially steady flow and than in the final flow (after the passage of 
the surge). Note that the data presented some noise when the ADV receivers started to become out 
of water (z/do = 0.56 & 0.61). At these two upper locations, the signal was cut once the ADV head 
became out of water (Fig. D-2C & D2-D). 
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(A) z/do = 0.030 
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(B) z/do = 0.563 
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(D) z/do = 0.615 
Fig. D-1 - Ensemble-median water depth dmedian and velocity components, and median turbulent 
Reynolds stress tensor components beneath a negative surge at x = 6 m (5.15 m upstream of gate) - 
From top to bottom: (vx2, vxvy), (vy2, vyvz), (vz2, vxvz) - Flow conditions: Q = 0.020 m3/s, h 
= 0.030 m, x = 6.0 m 
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(A) z/do = 0.030 
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(B) z/do = 0.114 
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(C) z/do = 0.563 - Note that the probe was out of water for t > 10.8 to 11.4 s 
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(D) z/do = 0.615 - Note that the probe was out of water for t > 10.65 to 10.8 s 
Fig. D-2 - Ensemble-median water depth dmedian and velocity components, and median turbulent 
Reynolds stress tensor components beneath a negative surge at x = 10.5 m (0.65 m upstream of 
gate) - From top to bottom: (vx2, vxvy), (vy2, vyvz), (vz2, vxvz) - Flow conditions: Q = 0.020 
m3/s, h = 0.030 m, x = 10.5 m 
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APPENDIX E - NUMERICAL MODELLING OF A NEGATIVE SURGE 
WITH FLOW-3DTM 
E.1 PRESENTATION 
Flow-3DTM is a computational fluid dynamics CFD model developed by Flow Science Inc. (Flow 
Science 2007). Flow-3DTM calculates the velocity components and pressure at the nodes of a 
orthogonal finite difference grid. The free surfaces are modelled with the Volume of Fluid (VOF) 
technique. The VOF method consists of a scheme to locate the surface, an algorithm to track the 
surface as a sharp interface moving through a computational grid, and a means of applying 
boundary conditions at the surface. 
In the present study, the numerical model was set up using Flow-3DTM version 9.3. The model was 
set up with an incompressible fluid flow and a free surface. The fluid properties were set as air and 
water at 20 C for all calculations. The viscosity and turbulence options were selected with 
Newtonian viscosity and the renormalisation group (RNG) turbulence model that used a 
dynamically computed maximum turbulence mixing length. 
The geometry for the model was a simple rectangular channel with the same width and depth as the 
experimental channel although the total length of the channel was extended by 0.8 m to reduce 
boundary effects. The channel was modelled in two dimensions (instead of three) to reduce 
simulation time. The gate was simulated using the general moving object (GMO). The GMO 
settings were set as prescribed motion with 6 degree of freedom (6-DOF).  The initial location of 
the reference point was selected in the middle of the gate at x = 11.2 m, y = 0.25 m and z = 0.25 m. 
The gate was operated using the translational velocity component in the space system with a 
velocity of a non-sinusoidal movement in the z direction of +1 m/s for the negative surge. The gate 
opening was selected to maximise model stability. The gate movement for the simulations was 
vertical which is slightly different from the tainter gate operation in the physical model. 
The Reynolds-averaged Navier-Stokes (RANS) equations are the fundamental underlying equations 
solved by Flow-3DTM. The time steps were set as default except the initial time step which was 
adjusted down to 0.0002 s for initial model stability. A small initial time step was necessary for the 
simulations as the gate opening using the GMO application resulted in an initially less stable model 
environment. The time step size was controlled by stability and convergence. The pressure solver 
option was selected as implicit with automatic limited compressibility and the implicit solver option 
was generalised minimum residual (GMRES). The simulations were calculated using the explicit 
solver options. The difference between the explicit and implicit solver options are that the explicit 
solution is solved progressively at each computational cell by stepping trough time, while the time 
step is restricted to meet stability criteria. On the other hand the implicit solution is solved in each 
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time step using the information from a previous time step, which requires more complex interactive 
or matrix solution but does not impose time step restrictions. The models were run calculating both 
the momentum and continuity equation with a first order momentum advection.  
 
E.2 DISCUSSION 
An uniform mesh size was selected and a sensitivity analysis was performed using three different 
uniform mesh sizes of 5 mm, 15 mm and 30 mm to assess the impact of mesh size on the free-
surface profile of the negative surge. Typical results are presented in Figure E-1. 
The results indicated that the CFD model reproduced the physical data of negative surge 
qualitatively well. All the simulation with 5 mm, 15 mm and 30 mm mesh sizes showed that the 
water surface depth decreased more slowly than the experimental observations. The results with 5 
mm uniform mesh size compared best with the data. The results for 15 mm and 30 mm mesh sizes 
yielded a lesser agreement with the observations, with little differences between 15 mm and 30 mm 
mesh size results (Fig. E-1). As a result, all calculations were performed with the 5 mm mesh size. 
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Fig. E-1 - Dimensionless free-surface profile during the negative surge: comparison between 
66 
physical and numerical data at x = 6 and 10. 8 m - Flow conditions: Q = 0.020 m3/s, h = 0.030 m, x 
= 6.0 & 10.8 m 
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